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A novel mass spectrometer system for elemental analysis is described. The instrument 
combines an inductively coupled plasma (ICP) ion source with a Mattauch-Herzog mass 
spectrometer and multichannel ion detector. Ion detection is simultaneous and an elemental 
mass spectrum (20-230 p) can be acquired in < 10 ms. The instrument can be used with 
either Ar or He plasma sources. The speed of the system makes it well suited for acquisition 
of fast (lo-lOO-ms duration) transient signals, such as those generated by pulsed laser 
ablation sample introduction. Preliminary system performance characteristics, which include 
detection limits, stability, and measurement accuracy, obtained with an Ar ICI’ are pre- 
sented. The application of the instrument to the anal 
discussed. (J Am Sot Mass Spectrom 1996, 7, 
sis of solid samples by laser ablation is 
458-466 Y 
T he technique of inductively coupled plasma mass spectrometry (ICP-MS) for elemental analysis is well known. [l-3] The mass spectrometer used 
in such instruments is generally a quadrupole filter or 
magnetic sector that is scanned sequentially to detect a 
single mass-to-charge (m/z) ratio at any one time. 
Instruments of this type are most suitable when there 
is a sufficient amount of analyte to produce a “steady- 
state” signal by continuously flowing gases, nebulized 
solutions, liquid slurries, or ablated particulate mate- 
rial into the plasma. In practice, significant fluctuation 
of the ion signal is observed, especially on short time 
scales [4], and extensive signal averaging is required to 
obtain quantitative information. Analysis of transient 
signals, generated by introduction of discrete bursts of 
analyte into the plasma, is possible with sequential 
instruments. However, when large numbers of iso- 
topes and transients of duration < 1 s are analyzed, 
the duty factor per isotope and signal-to-noise ratio 
(S/N) suffer. I f  the amount of available sample is 
limited, it is necessary to have prior knowledge of 
which elements are present. Examples of sample intro- 
duction techniques that produce transient signals in- 
clude flow injection [5-71 and direct injection nebuliza- 
tion [8] for solutions, and electrothermal vaporization 
[9, 1111 and direct sample insertion for solids. [ll, 121. 
Other applications, such as single pulse laser ablation 
sampling and analysis of single particulates, tend to 
yield ion signals of shorter time duration. Many of the 
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limitations to obtaining quantitative analysis from 
transient signals can be overcome by simultaneous ion 
detection. 
Recently there have been a number of efforts to 
develop instruments with improved transient detec- 
tion capabilities for elemental analysis. The combina- 
tion of time-of-flight (TOF) [1X] and quadrupole ion 
trap [14] mass spectrometers with an inductively cou- 
pled plasma (ICI’) ion source have been demonstrated. 
TOF instruments are limited by low duty factor and 
space-charge in the extraction region, but may have 
advantages for the acquisition of very short ( < 100 /LS) 
transients. The ion trap has been shown to be more 
versatile, but suffers from dynamic range and mass 
calibration limitations. These mass spectrometers uti- 
lize single channel detectors with sequential detection 
of ions. Instruments with true multichannel detectors 
have been developed. They include a magnetic sector 
instrument with multiple Faraday cup detectors to 
allow simultaneous detection of up to nine different 
isotopes [15] and a mass spectrometer equipped with 
an ion beam splitter and dual quadrupole filters to 
provide two independently tunable channels [lb]. One 
advantage of these instruments is that correlated inten- 
sity fluctuations, for example, those caused by the 
arrival and volatilization of particles in the plasma, can 
be corrected by normalization to one of the signal 
channels, which leads to a significant increase in 
signal-to-noise ratio. Furthermore, the gain of each 
detector can be independently optimized to give the 
instrument a larger effective dynamic range. However, 
the number of isotopes that can be measured simulta- 
neously is relatively small. 
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One instrument designed for simultaneous detec- 
tion of mass separated ions, but not previously used 
with an ICI’, is the Mattauch-Herzog double-focusing 
mass spectrometer [ 171. This spectrometer uses an elec- 
trostatic bending field and a magnetic field to image 
ions from an entrance slit onto a focal plane at the exl 
of the magnetic analyzer. The ions are focused, to first 
order, for angular and energy spreads, and separated 
along the focal plane by their mass-to-charge ratio. The 
design lends itself to small, compact instruments, well 
suited for the analytical laboratory [I8]. With the de- 
velopment of sensitive microchannel plate (MCI’) ion 
detectors, fast simultaneous detection of ions is pos- 
sible. Combinations of a MCI’ detector with a 
Mattauch-Herzog mass spectrometer have been 
demonstrated previously [ 19-221. 
We describe here the combination of a Mattauch- 
Herzog mass spectrometer and MCI’ detector with an 
ICI’ ion source, resulting in a versatile multichannel 
mass spectrometer (MCMS) for elemental analysis. The 
instrument has been run with both Ar and He ICI’ ion 
sources. Although the Ar ICI’ is a well characterized 
ion source, it presents challenges for use with a Mat- 
tauch-Herzog mass spectrometer because of the in- 
tense 40Ar ion peak. Compared to an Ar ICI’, the He 
ICI’ gives fewer mass spectral interferences and lower 
background signal. However, the He ICI’ is a less 
efficient ion source, and tends to form a secondary, or 
pinch, discharge between the ICI’ and the sampler 
nozzle. Results obtained with a He ICI’ will be pub- 
lished elsewhere. (Nam, S. H.; Montaser, A.; Cromwell, 
E. F., submitted for publication). The present article 
will discuss performance obtained with the Ar ICI’. 
The new instrument has been used to analyze solution 
samples, as well as solid materials by laser ablation 
sample introduction [23, 241. The absolute and relative 
performance is compared to a commercial instrument 
(ELAN 250, Perkin-Elmer, Norwalk, CT) that uses an 
Ar plasma and quadrupole mass spectrometer with a 
single channel electron multiplier (CEM) detector. 
Experimental 
Vacuum Sys tern 
The various components of the ICP-MCMS are de- 
picted in Figure 1. Four stages of differential pumping 
are used, which give an operating pressure of = 1 X 
lops torr (Ar plasma) in the mass spectrometer cham- 
ber. The first stage is pumped by a mechanical pump 
whereas the other stages use turbomolecular pumps 
(TMPs). The system was designed with TMPs because 
of the need to pump He efficiently and minimize the 
background pressure of hydrocarbons. A summary of 
pump speeds, conductance limiting orifice dimensions, 
and chamber pressures is given in Table 1. 
The plasma-vacuum interface is a water-cooled in- 
terface designed for an ELAN 5000 ICP-MS instrument 
(Perkin-Elmer). Standard sampler and skimmer cones 
ICP 
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Figure 1. Schematic of the MCMS that shows the plasma torch, 
interface and differentially pumped vacuum chambers, ion op- 
tics, mass spectrometer, and detector (not to scale). Abbrevia- 
tions: ICP, plasma torch (partial view); LC, load coil; IF, plasma 
interface chamber; EC, extractor cone; I’S, photon stop/block; Ll, 
lens 1; QP, quadrupole lens pair; EA, electric analyzer; BD, ion 
beam dumps; MA, magnetic analyzer; MCP, microchannel plate 
and fiber optic bundle; PDA, photodiode array detector; MI’, 
mechanical pump; TMP, turbomolecular pump. 
for this interface are used. The conductance of the 
interface was increased by addition of a second 25- 
mm-diameter pumping port. A pneumatically oper- 
ated sliding plate valve is located downstream of the 
skimmer cone to allow isolation of the interface from 
the ion optic chambers. The remaining chambers were 
custom designed and built (Huntington Mechanical, 
Inc., Mountain View, CA), as was the vacuum pump- 
ing station (Leybold Vacuum Products, Inc, Export, 
PA). 
Plasma Source 
The instrument and impedance-matching network [26] 
were designed to enable switching between Ar and He 
ICI’s with minimal change in configuration. Both use 
the same matching network and rf power supply, 
which give 5-kW maximum output at 40 MHz (CSOOO, 
RF Plasma Products, Voorhees, NJ). Switching be- 
tween the two ICPs requires the load coil, torch mount, 
and ground tap to be changed and different gas flows 
and capacitor settings. Operational parameters for the 
Ar ICP torch are given in Table 2. Operation with a He 
torch is discussed elsewhere (Nam, S. H.; Montaser, A.; 
Cromwell, E. F., submitted for publication). Solution 
samples were introduced by using an ultrasonic nebu- 
lizer with sample desolvation (U5000, Cetac, Omaha, 
NE). Solid samples were introduced by laser ablation 
by using the fourth harmonic of a Q-switched Nd:YAG 
laser (266 nm) and a custom built ablation chamber 
[23, 241. 
Ion Optics 
The mass spectrometer ion optics consist of an extrac- 
tor cone, a three-element electrostatic lens (lens 1), and 
a quadrupole lens pair (see Figure 1). The ion optics 
and support structure are self-centered on the axis of 
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Table 1. Parameters of the ICP-MCMS vacuum system 
Interface 
Main pump Leybold 
SVI 80 
Backing 
pump 
Pumping 127 ft3/min 
speed 
Orifice 1.12 
diameter (mm) 
Chamber pressures (torr) 
Ar ICP 0.7 
Base 
Vacuum chamber 
Second 
Balzers 
TMP500 
Leybold 
D40B 
500 L/s 
Third 
Leybold 
TMPlOOO 
Edwards 
E2M18 
1000 L/s 
0.87 2.0 0.1 x 4.5 
1 x 10--s 6 x lo-” 
< 1 x 10-7 < 1 x 10-7 
Mass 
Spectrometry 
Leybold 
TMP360V 
Leybold 
D16B 
360 L/s 
1 x 10-8 
5 x 10-g 
Table 2. Plasma operating conditions 
Ar ICP 
Gas flows fL/min) 
Plasma 
Aux. 
Sample 
rf Power (kW) 
Load coil/ 
grounding 
torch 
Load coil -interface 
distance (mm) 
14.0 
2.0 
1 .o 
1.0-l .5 
3; Turns 
center-tapped 
Sciex “long” type 
20 
the mass spectrometer and the axial positions of lens 1 
and the quadrupole lens pair are independently ad- 
justable. The extractor cone is mounted on and electri- 
cally connected to the first element of lens 1 and serves 
as the conductance-limiting orifice between the second 
and third chambers. The tip of the extractor cone is 
located close (= 1 mm> to the interface sliding plate 
valve. A negative potential is applied to the cone to 
increase the flux of ions through the center 2-mm- 
diameter hole. After extraction, the ions are transmit- 
ted through a short field-free region before they enter 
lens 1. A small photon stop (3 mm diameter), which is 
in electrical contact with the extraction cone, is located 
in this field-free region. A photon stop was necessary 
because, even though there is no direct line of sight 
between the plasma and the detector, significant 
amounts of scattered plasma photons reach the MCP 
and increase the background. This increased back- 
ground is most noticeable for the high mass end of the 
detector, which is less shadowed by the mass spec- 
trometer. Under the tuning conditions used, the pho- 
ton stop caused an = 20% decrease in signal; possible 
reasons for this small decrease are discussed in subse- 
quent text. Lens 1 has an inner diameter of 25 mm and 
a center lens element length of 25 mm. After lens 1, a 
quadrupole lens pair is used to focus the ion beam and 
improve the spatial overlap of the ion beam with the 
rectangular entrance slit of the mass spectrometer [26, 
271. The quadrupole elements are made from gold- 
coated aluminum and each has a diameter of 32 mm 
and length of 25 mm. The two sets are spaced 6.4 mm 
apart. The bias voltage of the quadrupoles is set at the 
float voltage of the mass spectrometer. Shields at this 
same potential are located before and after the 
quadrupole lens to reduce fringe fields. The potentials 
of the second quadrupole lens elements are indepen- 
dently adjustable to facilitate alignment of the ion 
beam with the entrance slit of the mass spectrometer. 
Typical potentials applied to the various elements are 
given in Table 3. 
Mass Spectrometer 
The mass spectrometer is of the Mattauch-Herzog [ 171 
geometry with a 95-mm-long focal plane. The unit was 
custom built and is similar in design to mass spec- 
trometers developed at the University of Minnesota 
[19]. The spectrometer is housed inside the final vac- 
uum chamber; the mass spectrometer entrance slit 
(width 100 pm and height 4.6 mm) serves as a conduc- 
tance-limiting orifice to that chamber. A secondary (cu) 
slit of dimensions 2 mm x 3 mm is mounted before the 
electric sector to improve angular focusing. This slit 
limits the angular divergence of the beam to 2”. Both 
slits are detachable to allow various slit widths to be 
used. The center of the electric sector has a radius of 
107 mm, and the spacing between the electric sectors is 
10 mm. The inside of the electric sector is coated with 
Table 3. Ion optic potentials 
Element 
Interface 
Extractor cone 
First ion lens 
First 
Second 
Third 
Quadrupole lens pair 
First lens Horizontal 
Vertical 
Second lens Horizontal 
Vertical 
Mass Spectrometer 
Float 
Positive electrode 
Negative electrode 
Potential (VI 
0 
- 500 
- 500 
-1800 
- 400 
- 440 
- 360 
~ 370 
- 430 
- 400 
-353 
-447 
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graphite (Aerodag G, Acheson, Akron, OH) to attenu- 
ate scattered plasma light. The active focal plane (i.e., 
where the detector is located) of the magnetic sector 
extends from a radius of 18 to 72 mm and the magnetic 
sector gap is 4.6 mm. The magnet poles are made from 
Alnico 9 and the yoke and pole faces are ingot iron. 
The magnetic field strength of 5500 G at the exit of the 
magnetic analyzer is uniform across the detector plane. 
An ion collector located at the low mass end of the exit 
of the magnetic sector serves to trap the intense He ion 
beam produced by the He ICP. For the Ar ICI’, the 
detector is shielded over a = 10-p region centered 
around 40 p by a small ion beam dump positioned 
close to the focus of the Ar ions. 
The mass spectrometer is mounted on the detector 
assembly (with a 2-mm gap between the magnetic 
sector and the MCP) and positioned such that the 
design ion focal plane coincides with the front of the 
ion detector. This setup necessarily means that the ion 
focus is located outside the region of uniform magnetic 
field. Aberrations caused by this arrangement can be 
compensated by accelerating the ions onto the detector 
face. In practice, the optimum focus is obtained by 
tuning the electric sector potentials and the detector 
electron deflector shield potential. Mu-metal shields 
located at the exit of the magnetic sector reduce the 
effect of magnetic fringe fields on electron trajectories 
in the MCI’ detector [28]. 
Ion Detector 
The ion detector is a modified Chevron dual mi- 
crochannel plate electron multiplier coupled to a pho- 
todiode array @DA) detector (Galileo Electra-Optics, 
Sturbridge, MA). The MCP was designed to match the 
focal plane of the mass spectrometer and has dimen- 
sions 76 mm x 6.4 mm. The gain of the dual MCP is 
= 1 x lo6 at a voltage of 2.0 kV across the plates. An 
electron deflector shield is located between the front of 
the MCI’ and the mass spectrometer to reduce back- 
ground signal caused by scattered electrons. The out- 
put of the MCI’ is accelerated onto a phosphor screen 
and the resulting fluorescence is coupled via a fiber 
optic bundle (length 102 mm with 3:2 image reduction) 
onto a 51-mm-long PDA with 2048 elements spaced 25 
pm apart. The fiber optic bundle also serves as a 
vacuum feedthrough to the PDA, which is located 
outside the vacuum chamber. The PDA is cooled to 
-30 “C to reduce dark signal. The PDA is operated by 
a 16-bit controller and software (ST-1000, Princeton 
Instruments, Trenton, NJ) and data are collected and 
analyzed by PC. Operating parameters for the detector 
are listed in Table 4. 
Data Acquisition and Analysis 
The PDA signals are recorded in analog mode because 
of the high ion flux on the detector. Under the condi- 
Table 4. Detector operational parameters 
Parameter 
em Deflector shield 
MCP Front plate 
Back plate 
Phosphor screen 
Minimum readout time 
Background counts 
(plasma off) 
Detector resolution (FWHM) 
Value 
-700v 
-800V 
+800 v 
+4 kV 
8 ms 
< 0.1/s 
120pm 
tions listed in Table 4, a single ion will produce a peak 
with an intensity of approximately 50-100 PDA counts. 
Signal intensities can be controled by variation of the 
signal acquisition time from 8 ms to a practical maxi- 
mum of 500 ms. The upper limit arises from saturation 
of a significant portion of the detector by plasma ion 
species (N, 0, “‘Ar, Ar,, etc.). Installation of beam 
dumps for these species might allow longer acquisition 
times. The maximum readout signal from the PDA is 
65,000, which affords up to 4 orders of magnitude 
dynamic range. The dynamic range can be extended by 
variation of the PDA integration time. 
For analysis of steady-state signals, the data acquisi- 
tion is triggered in “free-running” mode and spectra 
are acquired continuously. For analysis of transient 
signals generated by a single laser pulse, data acquisi- 
tion is triggered by the laser and synchronized with 
the arrival of the ions at the detector by a pulse delay 
generator (DG535, Stanford Research Systems, Palo 
Alto, CA). The arrival time of the ion signal has a jitter 
of 100-200 ms caused by variation in the transport of 
ablated material between the ablation cell and the ICP. 
The detector is triggered 200 ms before the average 
signal arrival time to ensure complete acquisition of 
the signal. 
A single spectrum can be acquired with integration 
time equal to the duration of the transient signal. 
Alternatively, multiple spectra, with shorter integra- 
tion times can be acquired during a given transient, 
which thereby allows control over peak signal intensi- 
ties and dynamic range. Data from a single laser event 
are acquired as II consecutive PDA exposures of nz 
millisecond duration, such that m * n = 400 ms. Indi- 
vidual mass spectra acquired with the same integra- 
tion time are averaged together to improve the S/N 
ratio. Peak areas and/or heights are used to calculate 
isotope intensities. For relatively well separated peaks, 
areas are obtained by integration of mass spectra. Be- 
cause of the relatively poor mass resolution of the 
MCMS, it is necessary to perform deconvolution to 
determine the area and height of closely spaced peaks. 
To do this a pseudo-Voigt line shape is fitted to each 
peak by using a nonlinear least squares program 
(Origin Peak F’tt’ 1 mg Module, MicroCal, Cambridge, 
MA). The pseudo-Voigt function is a linear combina- 
tion of Gaussian and Lorentzian functions with vari- 
able weighting that allows a wide variety of peak 
shapes to be fitted. 
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Results and Discussion 
Performance Characteristics 
The performance of the multichannel mass spectrome- 
ter was characterized by using the Ar ICI’ to allow 
direct comparison with a commercial sequential ICI’ 
instrument (ELAN 250 with upgraded quadrupole 
- --o-Al 
- --o--co 
lo4 r -4-Y 
i .-q?.. Rh 
_ 
mass filter and ion optics, Perkin-Elmer). A solution Y 
that contained five elements (Al, Co, Y, Rh, and Ho, 
: n 
designated solution A) was used to measure instru- 
ment linearity, detection limits, and stability. Monoiso- 
102 : 
topic elements were chosen for ease of data analysis. A 
typical mass spectrum of solution A at 50-rig/g con- 
centration is shown in Figure 2. 
10' 
I , . ..*11.1 I 111.1111 I S"..U. 
1 10 100 1000 10000 
Linearity of Instrument Response. Five dilutions of a 
5-pg/g solution A ranging from 10 rig/g to 1 pg/g 
were used to assess linearity. Mass spectra of each of 
the six solutions were acquired with exposure times of 
10, 100, and 500 ms on the MCMS. Nine spectra were 
averaged for each exposure time and the areas of the 
five analyte peaks were determined with background 
correction. The results for 100-ms exposures are shown 
in Figure 3a. 
Good linearity is obtained between 50-rig/g and 
1-pg/g concentration at lOO-ms exposure. The 5-pg/g 
solution slightly saturated the detector at this expo- 
sure, whereas the signals for the lo-rig/g solution 
exhibited larger variation possibly due to poor count- 
ing statistics. At lo-ms exposure, the low concentration 
spectra exhibited significant deviations from linearity, 
but the response for the 500-rig/g to 5-pg/g solutions 
was similar to the lOO-ms data. At 500-ms exposure, 
good linearity was obtained between 10 rig/g and 500 
rig/g, but higher concentrations saturated the detector. 
In general, good linearity is obtained for peak intensi- 
104 
100 " " " " 1 " " " 
20 40 60 60 100 120 140 160 180 
m/z (Daltons) 
Figure 2. Mass spectrum acquired by the MCMS of a 50-rig/g 
multielement solution A (see text). The spectrometer was at a 
potential of -400 V, which gave a mass range of 12-178 CL, and 
the spectrum is the average of 27 100-ms exposures (only the 
20-178 p region is shown). 
Concentration (ppb) 
b lo'- 
-Al 
.. o-. co 
. . ..A... y 
-9. Rh 
-O-HO 
Figure 3. (a) Analytical curves measured on the MCMS for five 
analyte elements over the concentration range 10-5000 “g/g. For 
each concentration, nine spectra acquired at lOO-ms exposure 
were averaged together. (b) Analytical curves measured on the 
ELAN 250 ICP-MS for the elements in a by using a peak-hopping 
mode of operation. For each concentration 200 repeats with 
100-ms dwell time were averaged together. 
ties up to = 3 x 10” counts (which correspond to 50% 
of the saturation limit) for the range of exposure times 
studied. 
The same solutions were analyzed with the ELAN 
quadrupole ICI’ instrument. The sample gas flow 
through the ultrasonic nebulizer was reduced to pre- 
vent detector saturation with the 5-pg/g solution. Sig- 
nals were acquired in “peak-hopping” mode with a 
dwell time of 100 ms and averaged over 200 repeats. 
The results for the six solutions are shown in Figure 
3b. Linear fits to the data in Figure 3b give an average 
correlation coefficient (R2> of 0.9983. Corresponding 
values for Figure 3a are 0.9885 for all data points and 
0.9988 without the highest (5 pg/g) value. The total 
data integration time for the ELAN was 20 s, com- 
pared to 0.9 s for the MCMS. The better linearity of the 
ELAN is believed to arise from improved counting 
statistics due to longer integration times and superior 
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dynamic range of the CEM detector operated in pulse- 
counting mode compared to the MCP-PDA operated 
in analog mode. The latter limitation can be partly 
overcome by varying the exposure time of the PDA. 
Defection Limits:. Detection limits were calculated for 
the five analytes of solution A. The detection limit is 
defined as that concentration that gives a signal equiv- 
alent to 3 x the standard deviation of the background 
signal at the mass-to-charge region of interest. Detec- 
tion limits were obtained by linear extrapolation of the 
signal level that corresponds to the peak intensity 
obtained with a 50-rig/g solution. Background signal 
levels were determined from a blank spectrum ac- 
quired with a total integration time of 8.1 s. Back- 
ground signal arises from several sources. With the ion 
optics shut off, the background from dark current and 
plasma photons is typically < 1 count per second per 
channel across the mass range. Note that without a 
photon block, this noise increases to a few hundred 
count per second in the high mass region. Under 
normal operation with the Ar ICI’, the region up to 
100 p exhibits significantly higher background and 
noise that is caused by the.unresolved tails of intense 
plasma ion peaks. For example, with a 100-ms expo- 
sure time the average standard deviation of the back- 
ground for a PDA channel is 21 counts in the 60-70-p 
region, 13 counts in the 90-100-p region, and 5.5 
counts above 130 p. The background noise is close to 
statistical. With the preceding method, the calculated 
detection limits are Al: 0.4 rig/g, Co: 0.1 rig/g, Y: 0.04 
rig/g, Rh: 0.07 rig/g, and Ho: 0.02 rig/g. For continu- 
ous sample introduction, the sensitivity of the ICP- 
MCMS is l-2 orders of magnitude poorer than that of 
the ELAN 250 under comparable operating conditions. 
These results are preliminary and are expected to im- 
prove as factors that affect instrument resolution (see 
following text) and beam transmission are better un- 
derstood. 
The present instrument was designed to achieve 
100% detection duty cycle with transient ion signals, 
rather than high sensitivity with steady-state signals. 
To compare sensitivities for transient signals, the duty 
factor per isotope also should be considered. The duty 
factor of a quadrupole or other sequentially scanning 
instrument decreases with the number of isotopes to 
be monitored, or as the mass range increases. In the 
worst case, which corresponds to a large number of 
isotopes or detection over the full mass range, the duty 
factor is - lo-‘. There is an additional reduction in 
duty cycle that arises from the delay required to estab- 
lish instrument stability following a mass change. This 
can be significant (l-10 ms per isotope) for peak- 
hopping operation, and becomes noticeable when the 
total time exceeds the measurement time. The MCMS 
has two further advantages over single channel se- 
quential instruments. The S/N ratio can be improved 
by correcting the ion signal for fluctuations that are 
temporally correlated between two or more isotopes, 
for example, signal fluctuations produced by sample 
introduction of droplets or particulates. Second, be- 
cause a complete mass spectrum is recorded, no prior 
knowledge of the elements present in an unknown 
sample is required. A detailed comparison of the S/N 
between the MCMS and the quadrupole mass spec- 
trometer for transient signal acquisition will be the 
subject of future experiments. 
The sensitivity and resolution of the MCMS instru- 
ment are believed to be limited by the kinetic energy 
spread of the ions extracted from the plasma. This 
spread may arise from space-charge effects in the 
regions close to the sampler and skimmer nozzles or 
from the extraction of ions from the interface. The 
Mattauch-Herzog mass spectrometer compensates for 
ion kinetic energy spread to the first order. However, 
the resolution is degraded if the spread in kinetic 
energy (A E) is comparable to the total kinetic energy 
of the ions in the mass analyzer region. The total 
kinetic energy (KE) is the sum of the initial ion KE and 
the acceleration potential from the interface to the 
mass spectrometer (i.e., the mass spectrometer float 
voltage). 
In the present MCMS instrument, the resolution 
becomes too poor for practical purposes when the ion 
optics are tuned to give the maximum ion signal. 
Useful mass resolution is obtained at lo-100 X re- 
duced signal intensity by sampling a less intense por- 
tion of the ion beam, presumably with a lower kinetic 
energy spread. Under the current tuning conditions, 
unit mass resolution is achieved out to = 130 p. It is 
important to note that although peak spatial widths 
(measured in PDA pixels) are fairly constant across the 
mass range, peak separation decreases as l/cm/z> 
which causes resolution to degrade at high mass. This 
degradation is the reason for the large tailing of the Ho 
peak in Figure 2, compared to the lower mass analytes. 
For this type of magnetic sector instrument A E/E may 
be reduced, and the sensitivity improved, by increas- 
ing the float voltage of the mass analyzer. However, in 
practice the permanent magnetic field of the mass 
spectrometer limits the maximum acceleration voltage 
that can be used. The possibility of increasing the 
magnetic field to allow higher acceleration voltages is 
being explored. Another possibility that is being ex- 
plored is to limit the spread of ion kinetic energies that 
enter the magnetic sector with a KE-limiting slit; how- 
ever, the slit will attenuate the ion flux to some extent. 
Stability. The relative stability of the ion signal of the 
MCMS was characterized by taking spectra of solution 
A (50 rig/g> at various times over a 3-h period. The 
instrument was warmed-up (plasma on, vacuum inter- 
lock open) for = 1 h and the ion optics were tuned 
prior to data acquisition. A total of 6 spectra were 
taken over 3 h; each comprised the average of 27 
100-ms exposures. The intensities of the five analytes 
were determined from the peak area and Y was used 
as the internal standard (IS). The relative intensities for 
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each spectrum as a function of time are shown in 
Figure 4. The average intensity and standard deviation 
of the analytes are Al: 0.143 + 0.011, Co: 0.555 i 0.021, 
Rh: 0.617 + 0.013, and Ho: 0.529 + 0.033. The average 
relative standard deviation (rsd) is f 5%. The absolute 
drift was worse, with rsd of 13% over 3 h. 
The drift in the relative intensities does not appear 
to be systematic or to correlate with mass. The magni- 
tude of the noise is similar to that associated with ICI’ 
signal fluctuations (see isotope abundance measure- 
ments which follow) and the drift in relative ion in- 
tensity is comparable to a commercial quadrupole in- 
strument. Thus, under steady-state conditions, after 
running for a period, the stability of the MCMS ap- 
pears acceptable. 
Relative sensitivity factors (RSFs, with IS = Y) for 
the five elements of solution A were calculated and 
compared to RSFs obtained with the quadrupole ICP- 
MS at the same plasma generator power (1.3 kW). 
These values are given in Table 5. The MCMS has 
reduced response at low mass-to-charge ratio (< 60 
p>. This is probably caused by the tuning of the ion 
optics and mass spectrometer, which are optimized for 
higher mass elements. Based on the small number of 
elements used, the response at higher mass appears to 
be more uniform than that of the ELAN 250 instru- 
ment. 
Transient Signal Analysis 
When pulsed laser sampling is used for bulk analysis 
of solids, a “steady-state” ICI?-MS signal is generated 
by ensuring the duration of the transient signal that 
arises from the ablated material is greater than the 
interval between laser pulses. The transient can be 
lengthened by increase of the volume of the ablation 
0.6 
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Figure 4. Relative stability of ion signals obtained with the 
MCMS for a 50-rig/g multielement soluticn A (see text) over a 
3-h time period. Yttrium (not shoxmf is used as the internal 
standard with a value of 1. At each time measurement, nine 
spectra acquired at a 100.ms exposure were averaged together. 
Table 5. RSF comparison between MCMS and ELAN 250 
Al co Y Rh Ho 
MCMS 0.043 0.368 1 .oo 0.714 0.981 
ELAN 250 0.148 0.375 1 .oo 0.877 1 .41 
cell, reduction of the gas flow rate, or extension of the 
transfer tube between the cell and the ICI’. Although 
this makes the signal compatible with sequential mass 
spectrometers, the peak signal intensity and overall 
sensitivity are decreased. With a simultaneous instru- 
ment, such as the MCMS, the duration of the ablation 
signal can be matched to the relatively short data 
accumulation time, to give higher peak signal intensity 
and improved S/N ratio. The temporal response of the 
ablation cell used in the present work (measured with 
the quadrupole instrument) is shown in Figure 5. This 
“high-fluence” cell, used for bulk analysis of materials 
[29], has a signal duration of = 200 ms and produces a 
steady continuous signal with a lo-Hz repetition rate 
laser. 
To produce shorter duration signals, a second abla- 
tion cell has been developed. The temporal response of 
this cell also is shown in Figure 5. This cell has 10% of 
the volume of the high-fluence cell and is intended for 
ablation of small ( < lo-pm) areas, such as inclusions, 
surface contaminants, or particulates, and for low reso- 
lution (l-pm) depth profiling [30,31]. As expected, the 
transient ion signal obtained with the smaller ablation 
cell has shorter duration and higher peak intensity for 
an equivalent amount of ablated material. 
The capabilities of the MCMS for analysis of tran- 
sient signals was evaluated by laser ablation of a 
Permalloy standard reference material (SRM 1160, 
NIST). The larger volume ablation cell was used with a 
laser fluence of 1.5 J/cm2. Reduction of the detector 
gain (1.4 kV) was necessary to prevent saturation of 
2.0 
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Figure 5. Comparison of the temporal response of the high- 
fluence and the small-spot ablation cells. Each trace is the aver- 
age of four measurements obtained with the ELAN 250 IQ-MS 
by using peak-hopping with a dwell time of 20 ms. The peak 
areas are normalized. The signal shown is Al, generated by 
ablation of aluminum alloy, SRM 1256A. 
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the major element peaks. For this analysis, the laser 
was operated at l-Hz repetition rate and the laser 
beam was manually shuttered to regulate the number 
of pulses incident upon an area of the sample. Four 
spectra, each with lOO-ms duration, were taken per 
laser pulse. The most intense spectra from each abla- 
tion event were averaged together to improve the S/N 
ratio. A MCMS spectrum of the Permalloy sample 
obtained with seven laser pulses is shown in Figure 6. 
The main constituents of SRM 1160 (80.3% Ni, 14.3% 
Fe, 4.3% MO) and their isotopes are all resolved. Small 
peaks at 52 and 65 p, from Cr (0.05%) and Cu (0.0210/o), 
respectively, are present also. Ba (not certified in SRM 
1160) is also observed. At the low fluence used, the 
amount of material ablated per pulse is - 1 ng [31]. 
From the estimated detection limit of 0.05% for a 
single laser pulse, the absolute detection limit of the 
MCMS is - 0.5 pg. (For comparison, the mass of a 
l-pm-diameter particle with density 5 g/cm3 is 8 pg.) 
Use of the small-spot ablation chamber and a higher 
detector gain will improve the sensitivity further. 
The accuracy of measurements made with MCMS 
can be estimated by comparison of isotope ratios for 
MO. The region of the spectrum shown in Figure 6 
from 90 to 102 p was fitted to seven pseudo-Voigt line 
shapes. The peaks in this region and the resulting fit 
are shown in Figure 7. The isotope ratios were calcu- 
lated by dividing the area of each fitted peak by the 
total area of the seven isotopes. The measured and 
expected isotope ratios for MO are given in Table 6 
[32]. The average difference is 5.5%. The accuracy is 
comparable to that expected with a quadrupole instru- 
ment with similar signal acquisition times, although it 
is l-2 orders of magnitude worse than that obtainable 
with a multicollector instrument designed for isotope 
ratio work [15]. Causes of this deviation are expected 
._ 
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Figure 6. MCMS spectrum from laser ablation of Permalloy 
SRh4 1160 (80.3% Ni, 14.3% Fe, 4.3% MO). The spectrum shown 
is the average of seven ablation events, with one 100-ms expo- 
sure per event. The spectrometer was at a potential of -400 V, 
which gave a mass range of 12-178 p (only the 20-178-p region 
is shown). Elements found in the sample are labeled. 
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Figure 7. Expanded region of the mass spectrum of Figure 6 
that shows the MO isotopes. The nonlinear least squares fit of a 
pseudo-Voigt line shape to each peak is shown. The results of 
these fits are presented in Table 6. 
to include random effects, such as counting statistics 
(estimated to be = 4%) and plasma fluctuations, and 
systematic errors, which include peak-fitting error and 
isobaric interferences caused by isotopes of FeAr and 
NiAr. 
Conclusions 
A novel plasma-source multichannel mass spectrome- 
ter for simultaneous detection of ions over the elemen- 
tal mass range has been developed. The design is 
optimized for detection and analysis of transient sig- 
nals, especially those produced by laser ablation sam- 
ple introduction. The instrument has poorer sensitiv- 
ity, compared to commercially available sequential 
(quadrupole, sector-field) ICI’-MS instruments, but the 
100% duty factor of the system provides compensa- 
tion, especially for acquisition of a full elemental mass 
spectrum. The MCMS also allows acquisition of a full 
mass spectrum in < 10 ms compared to = 100 ms for 
a quadrupole and = 600 ms for a rapid-scanning sec- 
tor mass spectrometer. The stability of the instrument 
is comparable to a quadrupole instrument; the major 
source of instability is thought to be the vacuum inter- 
face, which has not been optimized yet. The major 
limitation is poor mass resolution, a consequence of 
Table 6. MO isotope ratio determination by ICI’-MCMS 
(abundances given in percent) 
Isotope MCMS 
92 15.0 
94 9.97 
95 16.0 
96 16.2 
97 9.37 
98 22.6 
100 10.9 
Average difference 
Expected 
15.84 
9.04 
15.72 
16.53 
9.46 
23.78 
9.63 
% Difference 
-5.37 
flO.3 
fl.72 
-2.01 
-0.94 
- 4.92 
t12.9 
5.45% 
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the large spread in ion kinetic energy that occurs in 
plasma-source mass spectrometers. Compared to high 
resolution sector instruments (m/Am < lo’), the re- 
solving power of the MCMS is 2 orders of magnitude 
poorer. Further development, which includes increas- 
ing the ion acceleration potential and installation of 
energy-limiting slits, is underway to improve the reso- 
lution and enhance the performance of the system. 
The capability of the MCMS to analyze transient 
signals has been demonstrated. It is possible to acquire 
a full mass spectrum with 100% duty factor from the 
- l-10 ng of material produced by a single laser 
pulse, with subpicogram detection limits. In contrast to 
sequential instruments, prior knowledge of elements 
of interest is not required for analysis of small amounts 
of unknown sample. This situation commonly arises in 
the analysis of thin films, particulates, surfaces con- 
taminants, or inclusions. To fully realize the potential 
of the MCMS, the temporal width of the transient 
signal should be matched to the minimum spectrum 
acquisition time of 10 ms. 
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